Abstract. The objective of this paper is to investigate the application of ER fluid dampers for shock protection of shipboard equipment. Several ER fluid dampers have been considered for this purpose. Dynamic models of these ER fluid dampers have been derived and important design parameters have been identified. A preliminary parametric study has been performed to compare the performance of these ER fluid dampers. A simple two degree of freedom system has been used to investigate the effect of ER fluid dampers on shocklvibration mitigation and their size and power requirement.
1.
Introduction.
An ER (electro-rheological) fluid damper makes use of the rheological property of the ER fluid to control its damping force to the motion to be damped. The damping force of an ER fluid damper consists of a passive force due to the viscosity of the fluid and an active ER damping force which is controllable by the application of an electric field on the fluid. Damping force due to viscosity is present at all times and is also called the zero-field damping force. A good ER fluid damper is expected to provide a wide range of damping effect, this usually requires it to have a low zero-field damping force and a high controllable damping force due to the ER effect.
In this paper we will investigate the application of ER dampening devices for shocklvibration attenuation via analysis and comparison of several typical ER fluid dampers. In the following section, we first give the dynamic models of these ER fluid dampers. Then a preliminary parametric study is performed in Section 3 to compare the performance of these ER fluid damper. In Section 4, a simple two degree of freedom system is used to investigate the effect of ER fluid dampers on shockhibration mitigation and their size and power requirement.
ER Fluid Dampers
The six ER fluid dampers we are going to investigated are: 1) COTS (commercial-of-the shelf) damper (Figure 1 a) To model the above ER fluid dampers, we assume that the ER fluid behaves like a Bingham fluid. More specifically, the shear stress rand the shear rate Z; are related by where , U is the Newtonian viscosity coefficient of the fluid and ry (E) is the yield stress.
The zero-field damping force Fv (or torque T, , ) and ER fluid damping force FER ( or torque TER ) of each ER fluid damper are
given as follows where A, is the cross section area of the piston, L the length of the plate, 6 the width of ER valve plate, h the distance between the two electrodes (gap size), and V the velocity of the piston.
2) Sliding piston ER fluid damper
where Vis piston velocity, L the piston length, D the diameter of the piston, S the diameter of the holes, n the number of the holes, and h the gap size.
3) Sliding cylinder ER fluid damper
It is assumed that all the stationary cylinders have the same thickness d and all the moving cylinders have the same thickness e. The gap sizes between stationary cylinders and moving cylinders are assumed to be equal. Suppose there are N stationary cylinders, there will be N moving cylinders and 2N+I sliding surfaces. Let the radius of the central cylinder be ro and the gap size be h. Then the radius of the sliding surfaces can be determined using the following equations. rl = r o , rzi =r2i_l+e+2h, i = l , ..., N. where q is the radius of the ith sliding surface and D is the diameter of the piston. where L is the length of the piston, h is the gap size, and Vis the velocity of the piston.
4) Concentric cylinder ER fluid damper
The thickness of all the cylinders are assumed equal and the gap sizes between all adjoining cylinders are assumed equal as well. There will be n gaps for the ER fluid to flow through the piston if there are n concentric cylinders. Suppose the radius of the central rod is yo and the gap sizes between adjoining cylinders are much smaller than the piston diameter, then the radius of the gaps can be calculated from the following formulas:
where q (i=l, ..., n) is the radius of the ith gap, d is the thickness of the cylinder, h is the gap size, and D is the piston diameter.
where L is the length of the piston and V is the velocity of the piston.
5) Rotary disk ER fluid damper
Suppose all the rotating disks have the same thickness d and all the stationary disks have the same thickness e, then the maximum number N of rotating disks can be calculated by the following formula:
where Lo is the inner length of the cylinder case.
where w is the angular velocity of the rotational axis, h is the gap size between the disks, R2 is the outer radius, RI is the hub radius, and n is the number of the sides of rotating disks.
6) Rotary cylinder ER damper
It is assumed that all the stationary cylinders have the same thickness and all the moving cylinders pieces have the same thickness as well. The gape sizes between stationary cylinders and moving cylinders are assumed to be equal. Then, suppose there are N stationary cylinders, there will be N+I moving cylinders and 2N+1 sliding surfaces.
Let the radius of the central cylinder be Y o , the thickness of other moving cylinders be d, the thickness of the stationary cylinder be e, and the gap size be h. Then the radius of the sliding surfaces can be calculated using the same equations for concentric cylinder ER fluid dampers.
2N+1 i=l
where L is the length of the piston, 5 is the radius of the ith rotating cylinder, w is the angular velocity of the rotating axis, and h is the gap between a rotating cylinder and a stationary cylinder.
Performance Comparision
As we have seen in Section 2, both zero-field and ER damping forces are proportional to the piston length or the valve length. The zero-field damping force is proportional to the velocity of piston and the viscosity of the ER fluid. While the ER damping force is independent of viscosity coefficient and the velocity of the piston, it is dependent on the yield stress of the ER fluid.
For the general design of an ER damper system, the main constraints can be categorized as structural constraints, constraints from power supply, and constraints from available ER fluids. Structural constraints are mainly allowable minimum gap size and the size of the damper system (diameter and length of the outer cylinder, size and weight of the power supply system, etc.). The primary constraints from power supply are maximum voltage and maximum power available.
The minimum viscosity and maximum yield stress of available ER fluids will limit the achievable performance of an ER damper system. There are also other kinds of constraints on ER damper systems encountered in practical applications, for instance, stroke length, desired damping characteristics, etc.
Since a good ER damper should provide a wide range of damping, we will investigate in this section, assuming similar geometric parameters, the maximum ER damping force, the zerofield damping force, and the ratio of ER damping force over zerofield damping force. This ratio may be used to measure the controllable range of damping forces.
The constraints on the dampers are assumed to be: 1) inner diameter of cylinder: 80 mm, 2) inner length of the cylinder: 180 mm, 3) minimum gap size: 1.0 mm; 4) viscosity of the ER fluid: O.lPa.s (100 cp). Without loss of generality, we assume that the velocity of the piston is I d s .
For translational dampers, since the piston side-wall serves as an electrode, Its length cannot assume the whole inside length of the outer cylinder in order to guarantee a required stroke length.
Suppose the length of the piston L = $,, where Lo (here we assume it to be 180") is the inside length of the outer cylinder and y i s a constant, then the stroke of the piston is 0.5(1-y ) L o .
In the following, we assume that y = 0.3. In order to compare the performance of the dampers discussed in the above sections, for gap size h=lmm and the yield stress Zy =5kPa. In Table 1 and   Table 2 , we listed the zero-field damping force (torque), ER damping force (torque), the ratio Effof ER damping force (torque) over zero-field damping force (torque) for translational dampers and rotary dampers, respectively. The values in the tables are obtained based on the following assumptions: 1) for sliding cylinder ER dampers, all the moving cylinders between the fixed cylinders have the same thickness 2.0" and all the fixed cylinders have the same thickness 2. 0"; 2) for concentric cylinder ER dampers, all the cylinders have the same thickness of 2. 0"; 3) for rotary disk ER dampers, all the rotating and stationary disks have the same thickness 2.0" and R1 / R2 = 0.25 ; 4) for rotary cylinder ER dampers, all cylinders have the same thickness of 2.0" and R1 / R2 = 0.25 .
It can be seen from Table 1 that the COTS damper has the largest ER damping force but at the same time has a huge zerofield damping force. The ratio Eff of the ER damping force over the zero-field damping force is very small comparing to other damper designs. In order to give a large range of adjustable damping, a large gap size or a short valve length has to be used. However, increasing the gap size or reducing valve length will result in a decrease in the ER damping efficiency. It is difficult to make a trade-off between zero-field and ER damping forces for this type of dampers. From Table 2 , it can be seen that the performance of the two rotary dampers are similar, both have high ratio of ER damping torque over zero-field damping torque.
The comparison among the proposed ER fluid damper designs reveals that the sliding cylinder damper design, the concentric cylinder damper design, and the two rotary damper designs are more promising than the other designs In particular, the two rotary dampers have the potential to provide a very wide range of damping if an appropriate device is provided to transfer a translational motion to a rotary motion. 
Shock Suppression Using ER Fluid Damper
In this section, a simple system shown in Since an ER damper cannot generate power, the following semi-active sky-hook control logic is used here Since the available ER damping force is always limited, it can be shown that when cd is very small, the acceleration of mass m l is very large, and when <d is too large, the acceleration of mass m l is also large due to the saturation effect. Therefore, an appropriate damping ratio must be chosen to achieve an optimal attenuation of the "g" effect on mass m I.
In computer simulation, we assume that w1 =62.83 rads (IOKz), %=125.66 rads (20Hz), q =88.87 rads (14.1 Hz), 4 = 0.0 1 , and 6 2 = 0.005 . The shock is a square pulse with a magnitude such that without applying ER damping, mass m l will experience a 1 Og acceleration. The relationship between the maximum acceleration of mass ml under the shock response and the desired damping ratio is given in Figure 3 . It can be seen that when <d is less than 2.6, the magnitude of acceleration of mass m l decreases as & increases.
In the range &>2.6, the curve in Figure 3 is not very smooth. The reason for this is that saturation function introduces nonlinearity into the system. The optimal desired damping ratio is 2.6. At this damping ratio, a 34% reduction is achieved from the undampened response. The time response of accelerations of m l is given in Figure 4 .
As we know, there are always volume and power limitations for a dampening system in practical applications. Therefore, it is desirable to estimate a prior the size and power requirement of an ER damper for a specific application to determine its feasibility. Here we give an estimation on the size and power requirements of rotary disk dampers for shock dampening of shipboard equipment.
According to the military specifications on the shock test of shipboard equipment (MIL-S-901 D (Navy), 1989), shock tests are divided into three categories: 1)light weight test; 2) medium weight test; 3)heavy weight test. In light weight test, the weight of the equipment should not exceed 550 pounds. In medium weight test, the maximum weight of the equipment is 7400 pounds. For heavy weight test, the weight of equipment is not specified.
Let us assume that a ball screw is used to transfer the translational motion of the supported equipment to the rotational motion of the rotary disk damper. Then the ER damper force can be written as where 7 is the ball screw efficiency, Dh is the pitch diameter, 1 is the lead angle, D2 and D, are the inner and outer diameters of the rotating disk, and N is the maximum number of rotating disks that can be installed in the cylinder case, which is a function of the inner length of the cylinder case.
Suppose four dampers are used to support a equipment and the acceleration reduction in Fig.4 is to be achieved, we have
The length and diameters of the ER dampers for different weight of equipment to be supported is given in Figure 5 assuming: 7y =5000 pa, ' G2 = 0.20, q = 0.90, Dh = I 3 in, 1 = 17S0, thickness of rotating and stationary disks: 1 .O mm, gap size: 1.0 mm.
The power required for an ER dampers consists of two parts: capacitive and resistive power. The capacitive power varies with the working frequency of the ER dampers, the larger the maximum working frequency, the larger the capacitive power. The resistive electric power mainly depends on the current density of the ER fluid in the damper. For a preliminary study, the equivalent circuit for an ER damper is considered as a RC circuit as shown in Figure  6 (Sturk, et al, 1995; Lou, et al, 1994 (33) where f is the frequency of the signal, Id is the current density, A, is the charged area, and C is the capacity of the ER damper. The peak power requirement is derived as
(34) The peak power requirements for different weight of the equipment are given in Figure 7 based on the following assumptions: 1) f = 50 Hz; 2) V,,, =5000 volt, 3 ) I , =1 p4/cm2 ,4) dielectric constant: 3.0. It is noted that a large part of the power is used for the capacitor charge. It can be seen that the power required for an ER dampers is fairly small comparing to the weight of the equipment to be supported.
Conclusions
This research has demonstrated the feasibility and potential of ER dampening systems to the shock dampening of shipboard equipment. The study is based on damper device construction, ER fluid development, and electrical power supplies. It has been shown that a significant reduction of shock impact on shipboard equipment can be achieved via ER damping devices. An investigation on the size and power requirement has been conducted, it shows that ER dampening devices are quite suitable for shock protection of light weight and medium weight shipboard equipment according to military shock test specifications. 
